Northern peatlands are experiencing increased wildfire disturbance, threatening peatland biogeochemical function and ability to remain major stores of carbon (C) and macronutrients (nitrogen-N, and phosphorus-P). The impacts of climate change-driven drying on peatland nutrient dynamics have been explored previously; however, the impacts of wildfire on nutrient dynamics have not been examined when comparing burned and unburned areas in a post-fire fen. This study assessed the impact of wildfire on N and P bioavailability, change in CNP stoichiometric balance and feedback on plant nutrient limitation patterns in a fen peatland, one-year post-wildfire, by comparing Burned and Unburned areas. Water extractable P increased up to 200 times in shallow leachate, 125 times in groundwater and 5 times in peat. Surface ash leachate had increased concentrations in Ammonium (NH 4 + ) and Nitrate (NO 3 − ), and through groundwater mobility, increased extractable N concentrations were observed in peat throughout the entire fen. The net mineralization of N and P were minimal at the Burned areas relative to Unburned areas. Fire affected plant nutrient limitation patterns, switching from dominantly N-limited to NP co-limited and P-limitation in moss and vascular species respectively. The top 20 cm of the Burned area C concentrations was higher relative to the Unburned area, with increased CN and CP ratios also being found in the Burned area. These findings suggest that the long-term effects of elevated C, N, and P concentrations on plant productivity and decomposition must be re-evaluated for fire disturbance to understand the resiliency of peatland biogeochemistry post-wildfire.
Introduction
Peatlands cover approximately 12% of Canada's land surface and are an important feature in the western boreal forest (WBF) of Canada [1] . Fens cover 63% of boreal peatlands and store over half of the carbon (C) stock [2, 3] . Fen ecosystems functions such as C sequestration, macro nutrient retention, and improvement of downstream water quality are threatened due to anthropogenic climate change, leading to warmer and drier conditions [4] . Peatland drying leads to lower water table (WT) positions, increasing the vulnerability of boreal peatlands to wildfire and smoldering combustion carbon losses. Extreme combustion has been linked to accelerated post-fire peat oxidation which reinforces the drying and lowering of the WT [5] .
The burning of these upper layers of rich organic matter releases enormous quantities of C into the atmosphere, but the drying and burning of peat also oxidizes macronutrients [6] . The biogeochemical feedback of the increased supply of macronutrients in post-wildfire peatlands has not been studied. Little is known about the effect that changes in P and N may have on the nutrient limitation patterns of peatland plant communities and stoichiometric balances of CNP in plant nutrient sources (i.e., peat and groundwater). While a large post-fire pulse of macronutrients released by wildfire combustion of trees, shrubs, moss, and peat may enhance post-fire moss and shrub regeneration and productivity, it is anticipated that too much nutrient release could push the peatland towards a regime shift [5] , as peatland form and function are strongly linked to nutrient availability [7] . As such, there is an urgent need to develop a better understanding of how wildfire may contribute to the release of stored macronutrients and their effect on the internal cycling of C, N, and P among other functional attributes to the peatland biogeochemical process.
The aim of this study is to quantify changes in major aspects of soil-plant-water nutrient biogeochemistry over the first post-wildfire growing in a fen peatland. The specific objectives of this study are to: i) quantify the differences in available nutrient (N and P) concentrations and net mineralization rates in hummock and hollow peat between Burned and Unburned areas over the growing season; and ii) compare the C, N, and P stoichiometric balance from pre-and post-fire to understand how disturbance changes nutrient limitation patterns and the feedback on vegetation recovery and decomposition.
Materials and Methods

Study Area Pre-Fire
Our research was carried out in the Poplar Creek Fen (hereafter referred to as Poplar) located approximately 20 km north of Fort McMurray, Alberta (56 • 22 N, 111 • 14 W) in the Athabasca Oil Sands Region (AOSR). Poplar is classified as a moderate-rich treed fen surrounded by a mosaic of upland coniferous forest ( Figure 1 ) [8] . Peat depths at Poplar range between 0.4 and 1.6 m, underlain by fluvial sand and fractured bedrock from the McMurray lowland formation [8] . While Poplar has experienced some indirect industrial disturbance, including increased atmospheric deposition of NO 3 − and NH 4 + [9] and the development of cutlines in the surrounding landscape, the peatland is used as a reference study area relative to the many, much more directly impacted areas in the AOSR. As such, there is an extensive (pre-fire) data history of the area, including vegetation, nutrients, carbon, and hydrology data [8, [10] [11] [12] . The porewater pH ranges between 6.5 to 6.8, soil organic matter between 81 to 88% and a relatively low EC for fen in the ASOR between 150 and 300 µmhos/cm [8, 10] . Poplar is an intermediary between a drier bog and wet fen, containing traditional peatland micro-topographic features with dry hummocks and wet hollows [10] . The surrounding uplands are a mixture of Populus tremuloides (trembling aspen), Picea mariana (black spruce) and Pinus banksiana (Jack Pine), with groundcover dominated by Ledum groenlandicum (Labrador Tea), Equisetum sylvaticum (Wood Horsetail), Sphagnum fuscum and Tomenthypnum nitens (Brown moss) [11] . The center of the fen area has more classic peatland species including Larix laricina (Tamarack), stunted black spruce, Sphagnum fuscum, Sphagnum girgensohnoii, other Sphagnum spp.., Betula pumila (Dwarf Birch), Vaccinium oxycoccos (Small Cranberry), and Carex spp. [11] . Concentrations of extractable forms of nitrogen, (i.e., NO 3 − and NH 4 + ) have been shown to steadily decrease over the growing season, as have net ammonification rates, whereas net nitrification rates increase due to the decreasing WT and aerobically favorable conditions [13] . A previous study found that pools of water extractable P were lowest in the middle of the growing season, with the highest net mineralization of P also occurring in the middle of the growing season [13] . Nwaishi et al. [13] looked at the carbon fluxes of the areas showing that over the growing season Poplar functions as a carbon sink. Local recharge is the main water source for Poplar, unlike many fens that are recharged from regional aquifers, leading to greater fluctuations in WT levels [12] . Water table levels during the 2015 growing season averaged 20 cm below ground surface with lower WT positions found closer to the upland margins [12] . Elmes et al. [12] , also found that the vertical hydraulic gradients in the margins were strongest when WTs were high and weakest when precipitation was low, resulting in less recharge. A longer record of WT positions throughout the study area shows that Poplar experiences extended dry periods, with a persistently low WT due to lack of precipitation-driven recharge.
Study Area Post-Fire
During May of 2016, the Horse River wildfire (MWF-009) consumed approximately 590,000 ha of the WBF surrounding Fort McMurray, Alberta. Poplar was almost entirely engulfed by the wildfire, burning both the upland mixed coniferous forest and the moderately rich fen. Areas of the fen burned at differing depths of burn depending on vegetation, location and water levels. The center of the fen was untouched by the fire and surrounding areas were severely burned ( Figure 1 ). In the 'Burned' area, post-fire vegetation includes black spruce, Labrador tea, and wood horsetail, as well as Carex spp., Maianthemum trifolium (Three-Leaved Solomon's Seal) and Sphagnum fuscum, Brown mosses and Polytrichum spp. [11] . The Burned hollows were completely burnt, and the mixed moss hummocks singed with brown dead vegetation, and, all black spruce trees were completely charred and dead. The Unburned area at the center of the fen had noticeably higher water levels and an abrupt transition of the types of tree and vascular and non-vascular species, with stunted Tamarack trees and Sphagnum moss dominating the ground cover. Following the fire, the Unburned area had live vegetation and little trace of any fire interactions with both hummocks and hollows. For the study, two transects were selected for the Burned areas, on either side of the Unburned area at the center of the fen (Figure 1 ). Each transect had the same sampling design, with all instrumentation focused in an approximately 20 × 20 m area.
Study Area Burn Severity
Peat burn severity was quantified along each transect through depth of burn (DOB) measurements following the protocols commonly used [14, 15] . This protocol estimated DOB by measuring the distance between the burned surface and the reconstructed surface using multiple reference points/markers such as adventitious roots [14] and/or surfaces unaltered by the fire [16] . This method assumes a flat pre-fire surface between multiple reference points, and the difference between the reconstructed surface and the burn surface was taken as the DOB (n = 400). An ash layer post-fire did not factor into DOB measurements as peat has a low mineral content and there was little to no ash layer at the surface (<2 cm) [17] . Lukenbach et al. [15] and Kasischke et al. [14] found that these DOB methods were conservative, since adventitious roots of black spruce are, on average, 5 cm below the peat surface; therefore, when adventitious roots were used as the reference point, 5 cm was added to the DOB measurements. DOB was measured 1 year post-fire, and measurements at the Burned areas ranged between 9.9 to 16.7 cm.
Soil Properties, Nutrient Dynamics and Stock Calculations
Extractable (bio-available pools) and net mineralization rates of nitrogen (N) and phosphorus (P) were determined in all three transects during the full growing season, and soil moisture and soil temperature were taken over an integrated 10 cm depth (Delta-T Devices, UK, WET Sensor) on a weekly basis. To fully understand differences in nutrient cycling due to both peat burning and seasonal changes, buried-bag nutrient mineralization incubation experiments after [6, 18, 19] were conducted three times during the growing season: Early (May), Middle (mid-June to mid-July), and Late (mid-August to mid-September), with each incubation period lasting for 28 days. Briefly, two adjacent "paired" peat cores, approximately 10 cm deep, were taken from all three transects (4 hummock and 4 hollows), using a "dutch corer" and live vegetation was removed from both cores. One of the paired cores, the "pre-incubation" core, was taken to the lab, homogenized, put on ice in a cooler, and processed within 24 h for 2M KCl-extractable concentrations of ammonium (NH 4 + ) and nitrate (NO 3 − ), and water extractable phosphorus (WEP) (using the methods outlined in Macrae et al., 2012) . The second core, the "post-incubation" core, was used for in situ net mineralization and was loosely wrapped in polyethylene and placed back in the hole from which it had been removed for an incubation period of 28 days, then subsequently analyzed following the same procedure as the first core. Extractants were gravity filtered through ashless filters (Whatman no. 42) and subsequently analyzed using colorimetric analysis at the Biogeochemistry Lab at University of Waterloo (Bran Luebbe AA3, Seal Analytical, Seattle, U.S.A., Methods G-102-93 (NH 4 + ), G-109-94 (NO 3 − + NO 2 ), and G-103-93 (SRP)). The drying of samples can enhance extractable nutrient pools [10, 13, 20] ; therefore, field moist samples were used for all nutrient extractions. Moisture content, using a drying oven for 24 h at 80 • C, with a subsample of each core was determined so that extractable nutrient pools and net mineralization rates could be expressed in per unit dry weight. Net nitrification, net ammonification, and net P mineralization rates (mg g −1 dry peat day −1 ) were estimated for all three incubation periods by taking an average of the difference between the post-incubation and pre-incubation extractable pools to quantify the difference in NO 3 − Peat cores (20 cm length, 5 cm diameter) were extracted at peak growing season to measure the C:N, C:P, and N:P ratios in the upper layers of the peat. Four cores were taken at each transect (2 hollow cores, 2 hummock cores) and frozen until transported to the University of Waterloo for analyses of percent organic matter by loss on ignition, bulk density, and porosity [21] . Total C and N in peat was determined using EA-IRMS at the Environmental Isotope Laboratory, University of Waterloo, and total P, Fe, and K concentrations were measured after digestion procedures [22] using ICP analysis at the Centre for Cold Regions and Water Science, Wilfrid Laurier University.
Groundwater and Shallow Leachate Dynamics
Surface water infiltration (shallow leachate through the litter and surface peat layers) was measured using 500 mL plastic lysimeters buried 5 cm below the surface of the peat with a mesh screening to allow only water to be collected. This water represents water that has passed through the surface vegetation and litter layer but is isolated from the peat matrix, and thus does not represent porewater or interstitial water. It is, therefore, referred to as shallow leachate in this paper. Water samples were collected within 24 h of rainfall events. Each transect had 4 infiltration lysimeters and 4 wells, split evenly between hollows and hummocks.
Shallow groundwater (referring to subsurface flow below the water table in this study) levels were measured weekly from shallow wells (5 cm ID,~1 m depth, screened through the entire well length). Water samples were collected monthly from these wells between May and September, and wells were purged 24 h prior to sampling to permit adequate recharge [23] . Thus, the water chemistry samples reported herein refer to an integrated sample from the entire well length. Prior to sampling, the water in wells was gently mixed throughout the screened depth to provide a representative sample, and water was drawn from each well approximately 15 cm above the bottom of the well [24] .
Collected water samples were split into 3 subsamples. The first subsample was filtered into a specimen cup using a cellulose acetate filter (0.45 µm pore size, Flipmate, Delta Scientific) and frozen to test for anions, cations and the mineral forms of N and P. A second subsample was filtered the same way for the determination of dissolved Kjeldahl N and P. A third subsample (shallow leachate) was left unfiltered for the analysis of total Kjeldahl N and P, including particulate matter. Subsamples for determinations of total and dissolved Kjeldahl N and P were preserved with acid (0.2% final H 2 SO 4 final concentration) for storage and subsequently digested. The N and P species were analyzed using colorimetric analysis (described above). Major ions were analyzed using a Dionex ICS3000. Lab analyses were completed in the Biogeochemistry Lab at the University of Waterloo.
Vegetation Sampling and Nutrient Analysis
Vegetation from each transect was also sampled at peak growing season (late June) for the analyses of C:N, C:P, and N:P ratios. All different plant species were recorded at each transect and for each species approximately 100g of live vegetation was collected and frozen until transported to the University of Waterloo for analyses. Vegetation was then dried and ground into powder form before total C and N in vegetation was determined using EA-IRMS at the Environmental Isotope Laboratory, University of Waterloo. Total P, Fe, and K concentrations were measured after digestion procedures [22] using ICP analysis at the Centre for Cold Regions and Water Science, Wilfrid Laurier University. Multiple plant species were present at all transects, and analysis was done on individual species and for the different microtopographical units. However, differences were not found among the species, so to simplify analysis, vegetation was qualified as either a moss or vascular species.
Statistical Analysis
All statistical analyses were performed with R [25] . All data for this paper were analyzed and tested for normality. Across the entire data set, even with log transformations, the data set was not normal and nonparametric testing was used. However, within individual factors, data were either normally distributed or could be transformed to meet the assumption of normality and parametric statistics could be used. It is worthy of note that this study is a classic example of an unreplicated experiment being accepted as the best option [26] , given that it is only by chance that a site with previous nutrient and long-term hydrological research can undergo such non-manipulated wildfire disturbance. For this reason, our statistical analyses were carefully implemented, and we were cautious in the interpretation of our results to avoid inferring causal relationships on the basis of observation from this pseudoreplicated experiment (c.f. [27] for a discussion regarding pseudoreplication in landscape-scale natural experiments). To address the first objective of the study, we ran both three-way and two-way non-parametric ANOVA tests (Sheirer-Ray-Hare) to test the effects of microtopographic and temporal variability and burning on shallow leachate and groundwater nutrient concentrations, peat nutrient concentrations and net mineralization rates. However, significant interactions were found. Consequently, we ran a series of one-way ANOVA tests. The statistical analyses employed were appropriate for our overarching objective, which is to identify changes in soil chemistry due to fire. The main interaction among abiotic controls would be with microtopography and DOB, which is already well documented in the literature (c.f. [28, 29] ). For example, it has been well established that peatland microtopography exerts a strong control on peat burn severity as measured in depth of burn and/or carbon loss via combustion in the Boreal Plains (e.g., [30] [31] [32] [33] ). Feathermoss dominated hollow microforms having poor moisture retention and higher depth of burn than the low burn severity, high-moisture retention traits of Sphagnum fuscum hummocks [34, 35] . Thus, all data were analyzed for the effects of three main reasons for potential variable differences: (1) the effect of wildfire, (2) differences between microforms, and (3) temporal change over the growing season. For the second objective, Kruskal-Wallis analyses were done to compare pre-and post-fire C. N and P stoichiometric balance for both peat and plants. Differences among groups were considered significant if p < 0.05.
Results
Nutrient Availability and Dynamics in Shallow Leachate, Groundwater and Peat
There were significant differences in water chemistry between the Burned and Unburned areas, and between microforms over the growing season. The concentrations of major forms of extractable nutrients (NH 4 + , NO 3 − , TDN, TN, and SRP) in shallow leachate were significantly greater (p < 0.05) at the Burned areas relative to the Unburned area. Differences in shallow leachate were also observed between microforms. For example, within the Burned area, hollows (with deeper depth of burn) had greater concentrations of total N than hummocks (p < 0.01). Indeed, burned hollows had concentrations in excess of 60 mg/L N, more than 10 times greater than the largest concentration observed in the Unburned area. Although there was no significant difference in total P concentrations in shallow leachate between Burned and Unburned areas, it appears that burning still had an effect, as it reversed trends between microforms (Figure 2) , where higher TP concentrations were observed in the Unburned hummocks, but in the Burned areas, hollows had higher concentrations. No significant temporal trends were observed for the inorganic N forms; however, TDN and SRP increased toward the end of the season although this was apparent at both the Burned and Unburned areas.
Water table position in the study areas showed a typical difference (p < 0.01) between microforms due to differences in elevation, where it was closer to the surface in hollows than in hummocks. The water table decreased steadily throughout the study period and was deeper in the Burned areas due to their proximity to the uplands. Unlike the shallow leachate, differences in groundwater nutrients between areas were only observed for P. All of the P forms (SRP, TDP) were significantly greater (p < 0.01) in the Burned areas in comparison to the Unburned area ( Figure 3) . Differences in groundwater chemistry were also observed between microforms, with significantly (p < 0.05) higher concentrations of SRP in hummocks than hollows for the Burned areas, but the reverse was found for the Unburned areas. Temporally, NH 4 + in groundwater increased significantly (p < 0.05) towards the end of the season, while SRP decreased significantly (p < 0.05) toward the end season. This temporal trend was consistent in both areas and between microforms (Figure 3 ). Net ammonification did not differ over the growing season but was significantly reduced (p < 0.05) in the Burned area, at varying rates between microforms, with lower rates (p < 0.001) in the hummocks (Figure 4 ). Similar patterns with microtopography were observed for net NO 3 − mineralization, but unlike ammonification, the rate varied significantly (p < 0.001) over the growing season. Nitrate was immobilized early in the season, whereas net mineralization occurred in the late season (p < 0.001), with Burned areas experiencing less immobilization and more mineralization (p < 0.05). Although concentrations of extractable forms of inorganic N varied temporally, this pattern was consistent across areas, where NH 4 + concentrations did not vary between areas and NO 3 − concentrations were higher in the Burned area. Concentrations of SRP followed a similar seasonal trend as NH 4 + in peat, decreasing significantly (p < 0.001) over the season (Figure 4 ). However, there is a clear and significant (p < 0.05) contrast in SRP concentrations between areas, with concentrations 5 times greater in the Burned areas, especially in hollows. In the Burned area, deeper burning, with DOB ranging from 9.9 to 16.7 cm, resulted in increased availability of P. Mineralization of P varied significantly (p < 0.001) across the DOB range within microforms, with net immobilization observed in deeper burned hollows and increased mineralization in the shallow burned hummocks.
Carbon and Nutrients Stoichiometric Balance of Peat and Vegetation
Total N and P concentrations and N:P ratios were significantly higher (p < 0.05) in the upper peat layers of the Unburned area in comparison to the Burned areas ( Figure 5 ). However, concentrations of total C, K, and the C:N and C:P ratios in peat were significantly (p < 0.05) higher in Burned areas ( Table 1 ). Total N concentrations and C:P ratios showed significant (p < 0.01) increase with depth in the peat column, whereas C:N ratios decreased with depth (p < 0.01) in both the Unburned and Burned areas. There was a significant (p < 0.001) difference in Fe concentrations and Fe:P ratios in peat between microforms, with higher concentrations and ratios found in hollows at both areas.
Concentrations and stoichiometric analysis of macronutrients in vegetation were categorized as mosses or vascular plants (Table 2 ) with the N:P ratio for nutrient limitation shown in Figure 5 . Total C and K in vegetation differed significantly (p < 0.05) between areas, with lower concentrations of total C and higher concentrations of K at the Burned areas. Total C and N concentrations were significantly higher (p < 0.01) in vascular plants than mosses for both the Burned and Unburned areas ( Table 2) . Stoichiometric balance within the vegetation did not differ between areas, but both C:N and N:P ratios differed significantly (p < 0.05) with vegetation type, with mosses having a larger C:N ratio ( Table 2) and vascular plants a larger N:P ratio ( Figure 5 ) at all areas. 
Discussion
Increased Nutrient Availability Following Burning
In this study, Burned areas are located in the peatland margins and the Unburned area is located in the center of the fen. The Burned areas likely burned during the fire due to the margins typically having lower WTs and more feather moss then Sphagnum moss [15, 37] . The burning of margins with the center of the fen remaining intact is common in the boreal region [15] . There are likely to be biogeochemical differences in the margins vs the center of the fen pre-fire; however, there are clear differences in macronutrient concentrations between the Burned and Unburned areas that go beyond the pre-fire chemistry. Averages for the large spatial area of Poplar have been examined by Nwaishi et al. [36] and Wood et al. [10] , and we see that nutrient concentrations in the Burned are much higher than, and C:N:P ratios are very different from, those found in the pre-fire studies.
This study shows that burning had no effect on NH 4 + , and led to increases in both NO 3 − and P in the WBF. This concurs with previous findings on P, but contrasts with previous findings on N in other peatland studies that have generally shown a decrease in the total amounts of N, and an increase in the availability of P [38] [39] [40] . In a previous study [26] in the same fen (Poplar), pre-fire NH 4 + comprised 80-90% of the TIN concentrations in peat. However, in Poplar post-fire, the average make-up for both the Burned and Unburned areas was, on average, 48-57% NO 3 − in peat. The specific mechanisms for this increase in NO 3 − are not clear, and additional studies to determine the cause of this are needed.
The magnitude of increase in NO 3 − concentration observed in the Burned area was unprecedented in this area, even under dry conditions, although previous studies in Poplar [8, 10, 36] provided evidence on the potential for large oxidation of N following lowering of the WT over the growing season. Indeed, this increase in NO 3 − concentration led to a dramatic shift in the ratio of dominant forms of inorganic N, and this has important implications on post-fire N mobility and off-area exports given the high mobility of NO 3 − relative to NH 4 + . The excess NO 3 − observed in the Burned area may have been supplied to the Unburned areas through groundwater-surface connectivity or wind erosion of ash.
Our results support this proposition, given that NO 3 − was considerably higher in surface leachate in the Burned areas, which are hydrologically connected to the Unburned area.
In the study fen, little net mineralization occurred in the Burned areas, especially when compared to pre-fire studies, which show high levels of net nitrification and net P mineralization for peatlands in the WBF [8, 10, 36] . The lower rates of mineralization observed in the Burned area could be attributed to the loss of microbial biomass through the burning of the upper peat layer, which represents a critical niche for the microbial communities that mediate nutrient mineralization processes in peatlands [17, 41] . These findings suggest that peatland fire could indirectly modify the cycling of N and P through the direct effect of fire on the surface peat layer and microbial communities that dominate this critical niche.
Another significant finding of this study was the increase in available P after a fire. Similar to the work of Sulwiński et al. [38] , where a peatland 11 years post-fire had concentrations of available P that were 6 times higher. Our results show that available P was 5 times higher in the Burned areas compared to the Unburned area. The median seasonal values in the Burned areas were 0.0093 mg/g and 0.0017 mg/g of peat for hollows and hummocks, respectively; however, we see that this concentration of P in the Burned areas was highest in the early season and decreased steadily throughout the growing season. The increase of P in peat due to burning was also found in a laboratory study by Wang et al. [42] , where the organic P in peat was converted to inorganic P, increasing the availability of inorganic P more than twofold. In peatlands, P is geochemically reactive, especially in mineral-rich fens, where availability of P is limited by mineral control. Thus, the fate of inorganic P following fire is not clear.
The relationship between fire and P supply are dependent on several interacting factors such as pH, redox conditions and the availability of ions (e.g., Ca 2+ , Mg 2+ , and/or Fe 3+ in fens) [38, 43] . For instance, it is well documented in the literature that fire causes the release of P from organic matter, especially following partial combustion of organic matter, where bioavailable P is increased (i.e., sodium bicarbonate-extractable P), which is accompanied by an increase in pH. Moreover, desorption of P may occur from the Fe and Al hydrous oxides as a consequence of this increased pH and/or changes in redox conditions due to hydrophobicity post-fire. On the other hand, in mineral-rich fens, an increase in pH post fire may also lead to reactions between P and Ca 2+ or Mg 2+ . Hence, some studies have observed no change in P availability post fire [44] . The observed increase in concentrations of available P in the Burned areas was consistent across all potential plant nutrient sources (i.e., peat, groundwater, and shallow leachate). Notably, available P was highest in the Burned hollows, which could be a result of greater burn severity in hollows than hummocks [30, 45] . However, the anoxic conditions that are common in hollows may have further increased the mobility of P [46] . Indeed, P concentrations in groundwater and peat in hollows in this region have been correlated in previous studies [21] .
Disturbance has been shown to cause increased nutrient input in groundwater due to the oxidation of peat [10, 21, 36] . Surface water infiltration through the ash layer at the Burned area allows for significantly larger concentrations of available P to be added to the groundwater, which remains apparent in groundwater, where P concentrations are significantly higher than concentrations observed in the Unburned areas. Surface infiltration of available P actually increased over the growing season, but groundwater concentrations decreased, which could be the result of a decreasing WT with a larger portion of the peat column being aerobic for surface water to infiltrate through. This infiltration over greater aerobic depths could have caused increased P retention in deeper peat layers that were unaffected by the fire. The significant increase of P in these nutrient-poor peatlands has the potential to increase P loading to adjacent downstream aquatic ecosystems, or, local vegetation shifts [46] . Furthermore, vegetation shifts from post-fire regrowth can lead to the development of highly productive species, which have the ability to out-compete typical fen species, especially mosses that are critical for slow decomposition rates and net carbon sequestration function [38, 47] . The effects of increased P availability can be long-lasting [48] . When coupled with a warmer and drier climate, the resiliency of both the regrowth of fen species and the persistence of P effects have the potential to change fens like Poplar into a carbon source, changing their pre-fire ecosystem function [38, 49] .
Wildfire Disturbance on the Nutrient Stoichiometry Balance
Burned area N and P concentrations were higher than those in the Unburned area, which likely affects vegetation, litter quality and the oxidation and turnover of C [43, 50, 51] . Elevated levels of N and P in the peat could affect microbial breakdown as the mismatch in the stoichiometry of peat and microbes could accelerate decomposition and change C sequestration functionality [36, 42] . The N:P ratio for vegetation was examined to assess potential changes in nutrient limitation patterns for plant growth relative to N:P imbalances of peat and groundwater nutrient reservoirs for the Unburned and Burned areas ( Figure 5 ).
Based on the Redfield Ratio, plant growth is commonly classified as N-or P-limited, when the N:P is smaller than 14 or larger than 16, respectively, with the possibility of co-limitation when the ratio falls between 14 and 16 [52, 53] . In most peatlands, N is the limiting nutrient due to the low mineralization rates and limited exogenous nutrient inputs in often-isolated peatlands [54, 55] . However, this is probably not the case in our study area, because Poplar is located within the vicinity of active industrial development in the Alberta Oil Sands Region [36] . A previous study in Poplar, in the same area as this study but pre-fire (where it is denoted as the "Rich Fen") by Nwaishi et al. [36] , found that both mosses and vascular vegetation were N-limited, while the peat and groundwater nutrient balances were dominated by N. This is consistent with other findings, which show that N:P ratios in plants do not reflect the N and P concentrations in peat or other potential nutrient sources [56] . Nwaishi et al. [36] also showed that disturbance associated with road-construction through a peatland modified the pattern of N:P limitation, leading to a shift from N-limitation toward NP co-limitation. Although this was a different type of disturbance compared to Poplar's natural disturbance, the results agree with the theory the oxidation of organic peat material as result of disturbance (either from drying or from fire) can modify the N:P ratios of plants and potential nutrient sources in peatlands.
In this study, the N:P ratios of mosses at the Unburned and Burned areas were 16 and 15, respectively, while vascular species were 29 and 24, respectively ( Figure 5 ). This suggests the mosses were co-limited and vascular plants were P-limited in both areas. In contrast, peat had average N:P ratios of 43 and 51, respectively, indicating N limitation ( Figure 5 ). Both shallow leachate and groundwater were N-limited. For example, shallow leachate in both the Burned and Unburned areas had average N:P ratios of 4 and 6, respectively. Groundwater had higher P concentrations relative to N in the Burned areas, and the reverse was true in the Unburned area, which is indicative of the higher P concentrations in the Burned areas. The stoichiometric ratios shown here contrast with the work of Nwaishi et al. [36] , where vegetation was N-limited and any potential nutrient sources (peat and groundwater) were P-limited. We suggest that the change in nutrient limitation shown by plants is very likely due to the wildfire disturbance, and the shifting stoichiometric ratios in both plants and water are related. Future studies should determine the specific mechanisms behind these shifts.
Clear differences in peat stoichiometry were observed between the Burned and Unburned areas of the peatland. Our results show that C:N and C:P ratios were higher in Burned peat than in Unburned (Tables 1 and 2 ). Notwithstanding the increase in concentration of available P in the Burned peat, there was no significant decrease in the C:P ratio of peat. This suggests that the P released through the oxidation of burned peat does not affect the C: P ratio of the residual peat, which is mostly comprised of the recalcitrant C fraction. The P released from burned peat facilitates increased biomass productivity. Thus, an imbalance between high biomass production and lower decomposition of recalcitrant residual peat has the potential to support net carbon storage in peatlands post-fire [36, [57] [58] [59] . The fire also impacted the N stock, decreasing N stock by as much as 33% and changing the C:N ratio [40] . Additionally, the Burned areas exceeded both critical threshold ratios (>40 and >200 for C:N and C:P, respectively) for microbially mediated substrate mineralization [60] . The potential presence of this microbial substrate limitation suggests that newly introduced labile substrates from pioneer plants will be allocated towards the recovery of microbial biomass [36, 60] , further increasing potential for short-term carbon storage.
Conclusions
This study tested the effect of wildfire on peatland nutrient availability and cycling. Our results indicate that fire increased nutrient availability, with the severity of burn playing a key role in increased nutrient availability and plant regrowth. The significant increase in availability of P post fire, with only a slight elevation of inorganic N, created a disproportionality between the two macro nutrients that control ecosystem biogeochemical processes. This disproportionality in macronutrient concentrations potentially modified the pattern of N:P balance in vegetation, shifting from pre-fire N-limited conditions of vegetation towards NP co-limitation. Based on existing knowledge of peatland nutrient biogeochemistry, the observed increase in bioavailable P in the Burned areas of our study site has the potential to increase biomass productivity, with high atmospheric CO 2 uptake, and reduced microbial respiration due low microbial biomass and a recalcitrant quality of the post-fire peat substrate. Most of the biogeochemical parameters measured in this study also suggest that nutrient conditions in the Burned areas of our site will support a net C storage. However, the feedback effect of elevated P on plant productivity and C storage has not yet been quantified. Although our study is limited by the spatial and temporal scope, it presents an important set of new information that allows for direct comparison of pre-and post-wildfire nutrient biogeochemistry in a specific peatland, providing baseline information for future meta-analysis of wildfire effects on peatland biogeochemical processes.
